Abstract. This paper presents the unique characteristics of positive lightning generated vertical electric field waveforms recorded in Malaysia. The focus of the study was the waveforms due to positive lightning and their number of return strokes in a flash. A total of 172 lightning ground flash records were analysed, out of which 57 flashes contained positive lightning with a number of them having high numbers of subsequent return strokes which is somewhat unusual with observations elsewhere. The field measurements were done by using a parallel plate antenna coupled with a recording system. In contrary to the majority of positive lightning return strokes that has been recorded previously, where the average multiplicity is one, this study showed an average multiplicity of 3.86 which is almost four times higher than that is usually observed.
Introduction
Return strokes of a cloud to ground lightning flash in a waveform can be distinguished in two ways. The first is by its polarity which can be positive or negative (depending on what kind of charge is being lowered to the ground). The other is by the sequence of it in the full waveform (i.e first return strokes or subsequent strokes). For example, a complete cloud-to-ground flash may have a few return strokes within it that can be denoted by first return stroke, second return stroke and so forth.
The sign convention that is used is important to describe an electric field change of a waveform of a flash. According to the atmospheric sign convention, a positive field (an upward deflection in the electric field waveform) corresponds to negative charges being lowered to the ground and vice versa [1] [2] [3] [4] . Thus, a positive field change indicates that the flash is negative because negative charges are being lowered to the ground or positive charges are being lifted to the cloud. Hence, a negative return stroke would mean a positive electric field change in a waveform because negative charges are being lowered to the ground in any particular moment.
Negative return strokes typically occur in multiple orders in a flash [5] . It is rare that negative return strokes occur only once in a flash. The first return stroke can be seen as the first stroke that occurs in a full vertical electric field waveform when measurements are being taken during thunderstorms. These kinds of return strokes are larger in amplitude than their latter ones (i.e. subsequent return strokes) [6] .
Unlike negative lightning flashes, most positive ground flashes are single stroked rather than multiple-stroked [7] . Until now, studies show that single strokes in a positive flash are dominant over multiple-strokes [8] . Positive return strokes do not occur as often as their negative counterpart, though they may occur in abundance during thunderstorms of winter seasons [9] . Almost 50% of the ground flashes recorded in winter thunderstorms in Japan contains positive lightning [10] . Due to their large impulse amplitude, slow wavefront, long half peak width, more pronounced continuing current and their correlation with ionospheric lightning such as red sprites positive lightning should be studied in more detail, as it has been pointed out in several studies [11] . This study has been done to fulfill such requirement, especially of significance to tropical lightning.
Methodology
Measurements of the electric fields in this study were done in the month of October 2013 at the premises of Universiti Putra Malaysia (UPM). The measurement site has a geographical coordinate of 2°59'19.9"N latitude and 101°43'29.8"E longitude and situated in Serdang, Selangor area which is a state situated in the Central-West part of Peninsular of Malaysia near the Malacca strait. The measuring site is a large open area that is 86 m above sea level. Malaysia generally has a tropical climate with maximum monsoon rain occurring from October to November due to southwest monsoon and intermonsoon periods which affects the Selangor area. This time is quite suitable for taking lightning measurements as thunderstorms are not scarce.
Ibrahim et al. [12] explained a similar measuring system that is used in this study. The physical height of the parallel plate antenna that is used for the measurement is 1.85 m from the ground. The LH0033 Electronic Buffer Amplifier with the circuitry was used to isolate the high input impedance of the antenna and offer enough power to drive the signal from antenna to the oscilloscope to through the coaxial cable. The RG58 coaxial cable was used to connect the parallel plate to the buffer electronic and then to the oscilloscope (Tektronix MS04032), the lengths of the cable are 1 m and 25 m, respectively. The sampling rate was set to 50 MS/s (Mega samples per second) or time resolution of 20 ns with the total length of recorded waveforms being 20 ms per division with a total of 200 ms window frame. The trigger level was set at 200 mV and post-trigger time to 60 ms. The decay time constant of the buffer was set to approximately 17 ms.
The location of the flashes were obtained from the TNB Research Sdn. Bhd. (TNBR) which is a research center for the largest local power utility Tenaga Nasional Berhad (TNB) using their Fault Analysis and Lightning Location System (FALLS). Distances for flashes can then be computed by calculating the difference between the location of a particular lightning flash and measurement site. Table 1 generalizes the studies that have been done on positive lightning in the past for their number of strokes. Our criterion for a subsequent return stroke is set to be at least 20% of the amplitude of the first return stroke that occurs in the particular flash. As seen in the table, the
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Electrical Power Engineering and Sustainable Development of Industry occurrence of positive lightning with single strokes dominates the studies done by previous researchers [8, [13] [14] [15] [16] ; having at least 75% of the total return strokes that are present in the total number of flashes that occurs in the study. However, in this study it is 15.79% of the total sample data. The numbers of flashes with multiple strokes decrease with higher number of subsequent strokes (according to these studies), a fact that is understandable. In contrast to such observations, we have seen somewhat a different outcome in our study. The numbers of flashes with multiplicity remains quite uniform (9 and 10 flashes) for number of strokes 1, 3 and 4 whereas for number of strokes 2 and greater than 4 again it is uniform (14 and 15 flashes) . It is very interesting and quite surprising that the number of flashes having more than four strokes is as high as 15. This is highly unusual as previous studies indicate that the number of return strokes end at the second, third or fourth stroke in a flash and not more than four. Our findings also show that this is probably the first time that a fifth return stroke and more has been recorded for positive lightning. The maximum number of return strokes for a flash was found to be 13. To the best of our knowledge from the literature survey, the highest number of return strokes that has been previously observed in a positive lightning ground flash was 4 [13] . Figure 1 shows a flash that occurred at 15:22:54 on 31/10/13. The atmospheric sign convention discussed in the Introduction has been used throughout the paper. 9 return strokes were found to be present in the flash with the Preliminary Breakdown Pulses (PBP) preceding the return stroke. 
(PBP Stands for Preliminary Breakdown Pulses and RS Stands for
Return Stroke) In our study, the average multiplicity was found to be 3.86 which is considerably high compared to the studies done before as it is depicted in Table 1 . Our findings are in contrast with Mazur [17] that argues positive lightning cannot have subsequent strokes occurring after the first. To avoid any controversies in the measuring system, we present Figure 2 which shows a flash that was recorded by the same system. As seen in the figure, a PBP train occurs just before the first positive return stroke. PBP trains have been reported to be present in positive lightning as well [18, 19] . 
Conclusion
This study presents the information on the multiplicity of positive lightning in 57 ground flashes recorded in Malaysia in the oceanic tropics. Our analysis shows that in contrast to the previous observations done elsewhere, Malaysian thunderstorms produce positive lightning that contain a remarkably high number of subsequent strokes. As per the outcome 84.21% of the positive lightning flashes that has been recorded in this study contain more than one return stroke, whereas the maximum such percentage reported in the previous work was 25%. The maximum number of return strokes per flash observed in this study was 13, whereas the same number in the previous studies was 4. Thus, this may possibly be the first time that more than four return strokes have been recorded in positive lightning measurements.
The average multiplicity computed for this study was found to be 3.86. This shows that a flash in our study has about three to four return strokes per flash on average. Also, the increasing number of return strokes per flashes does not show decrease in number of flashes; it was rather consistent as the number of return stroke increases. However, the way that multiple terminations of high multiplicity in our study are yet to be investigated in detail and a theoretical explanation is required for complete understanding. In future, more studies are needed including the simultaneous measurements of electric fields, magnetic fields and slow fields integrated with visible light observations with high-speed cameras.
